Background: Pneumatic tube system (PTS) is a widely used method of transporting blood samples in hospitals. The aim of this study was to evaluate the effects of the PTS transport in certain routine laboratory parameters as it has been implicated with hemolysis. Methods: A systematic review and a meta-analysis were conducted. PubMed and Scopus databases were searched (up until November 2016) to identify prospective studies evaluating the impact of PTS transport in hematological, biochemical and coagulation measurements. The randomeffects model was used in the meta-analysis utilizing the mean difference (MD). Heterogeneity was quantitatively assessed using the Cohran's Q and the I 2 index. Subgroup analysis, meta-regression analysis, sensitivity analysis, cumulative meta-analysis and assessment of publication bias were performed for all outcomes. Results: From a total of 282 studies identified by the searching procedure, 24 were finally included in the metaanalysis. The meta-analysis yielded statistically significant results for potassium (K) [MD = 0.04 mmol/L; 95% confidence interval (CI) = 0.015-0.065; p = 0.002], lactate dehydrogenase (LDH) (MD = 10.343 U/L; 95% CI = 6.132-14.554; p < 10
Introduction
Hospital pneumatic tube systems (PTSs) are becoming frequently used method of transport in hospitals. PTSs are rapid automated delivery systems that can efficiently transport drugs, medical and patient's reports, X-ray films, tissue samples and blood specimens to and from laboratories, pharmacies, nurse's stations, blood banks and the emergency department [1] . However, the transport of blood samples from the phlebotomy site to the core laboratory still remains the most common use of PTS. PTS has the advantage of eliminating wait times and reducing manual labor. In particular, it reduces laboratory turnaround time, which is the total time taken between the blood collection and the return of the completed report of final analytical results to the doctor or the clinic [2] . In addition, the hospital staff is freed from the pressure of work as there is no need of courier transport and can be focused on patient-care activities, improving in this way the service quality of the hospitals. However, the transported samples, depending on the system configuration and the speed, are subject to forces of pressure such as such as sudden accelerations/decelerations, high speeds, changes in air pressure generated by the vacuum system, movement of blood in test tubes and vibrations. These forces can potentially lead to a very common error in the preanalytical phase of the testing process known as hemolysis.
Hemolysis designates the release of hemoglobin and other intracellular components from erythrocytes to the surrounding plasma following damage or disruption of the cell membrane [3] . In vitro hemolysis, caused by PTS, has been reported to alter the blood specimen's quality and potentially affects clinical laboratory measurements such as biochemical, most notably potassium (K), lactate dehydrogenase (LDH) [4] , hematology and coagulation parameters. Moreover, these strong forces can potentially affect blood gas measurements [5] and spectrophotometric analysis of cerebrospinal fluid [6] . Most recently, the transportation of blood samples through the PTS has been shown to affect in vitro platelet function [7] .
Many studies have been performed on the effect of pneumatic tube transport system on blood specimens in order to determine its association to hemolysis. However, conflicting outcomes did not result in any firm conclusion; thus, the effect of PTS on blood samples is still debated. Therefore, in order to resolve this uncertainty, a comprehensive quantitative synthesis of the published literature is needed. The aim of this systematic review and meta-analysis is to evaluate the effect of PTS transport on routine laboratory samples such as hematological, biochemical and coagulations' parameters and to give a firmer estimate on the relation of hemolysis and pneumatic tube transportation. The analysis was conducted by comparing the results measured when the sample was transported manually to the core laboratory, to those obtained when the paired samples were transported via the PTS.
Materials and methods

Search strategy
The methods used were in accordance with the preferred reporting items for systematic reviews and meta-analyses (PRISMA) guidelines [8] . A systematic electronic search of MEDLINE and SCOPUS bibliographical databases was performed, without language restrictions, up to November 2016 using the following search terms: "Pneumatic tube system" OR "Pneumatic tube transport" OR "Pneumatic tube transportation" OR "Pneumatic tube transport systems" OR "Pneumatic tube delivery system". We also performed manual check of the reference list of included papers and related reviews to complement our electronic search as well as e-mail correspondences with authors for additional data, where relevant.
Study selection and data extraction
The outcome of interest was changes to laboratory measurements subsequent to transportation of blood samples via the PTS. Studies that prospectively evaluated the effect of PTS transport on routine laboratory measurements, including hematology, biochemical and coagulations parameters, by comparing the results of hand delivered samples and samples transported via the PTS, were included for meta-analysis. The inclusion and exclusion criteria applied during selection of eligible studies and data extraction were as follow: (i) the blood sample collection had to be performed from a single venipucture. Studies were excluded if stated otherwise, (ii) in order to minimize the sources of variation, the present meta-analysis focused on paired samples that were processed and analyzed at the same time. Studies that evaluated the PTS in different periods or extracted data from the laboratory information system were excluded, (iii) studies that were performed with blood samples collected in primary tubes and not separated in aliquots were only included and (iv) studies that did not provide mean (or median) serum or plasma concentrations of our interested outcomes, and no other estimate that could be used, were excluded from meta-analysis.
Two reviewers worked independently, searching the literature, reviewing full manuscripts of eligible studies and extracting data into an electronic database. These data included first author's name, publication year, country where the study was conducted, number of subjects, characteristic of the participants (healthy or patients) and the distance and the speed of the PTS. For the hematological parameters, the hematology analyzer was also recorded (Table 1) . Any disagreement was resolved by discussion and consensus with a third reviewer.
Statistical analysis
The mean difference (MD) weighted by its standard error (SE) was used as the effect size for the continuous data meta-analysis, along with the 95% CIs, to evaluate the effect of PTS on laboratory measurements. The mean and the standard error of the mean were calculated for both the manual and PTS transport. MD was calculated as follows: 2 1
where 2 x corresponds to the mean of samples transported via PTS and 1 x to the mean of paired samples transported manually. Initially, all measurements were converted in the same units. In case the outcome measures were reported as median (M) and range (R = max-min), mean and SD values were estimated using the methods and the guidelines described by Hozo and coworkers [33] . For small sample sizes (n < 25), we used the formula min 2 max 4
For n > 25, the median itself was used, as it is considered to be better estimator of the mean. Concerning the SD, for small sample sizes (n < 15), we used the formula 2 2 2 1 (min 2 max) SD (max min) 12 4
For data sets of medium size (15 < n < 70), we used the formula
whereas for larger data sets (n > 70), we used the same formula but with 6 in the denominator (R/6), as previously advised [33] . If the outcome measures were reported as median (M) and interquartile range (IQR), mean and SD values were estimated according to the recommendations of the Cochrane Handbook [34] . In that case, the median was used as an estimator of the mean, whereas the SD was calculated using
In case the standard error of the difference was not reported, it was calculated using SE = SD/√n, where SD is the standard deviation of the difference and n is the number of paired samples. The standard deviation of the difference was estimated according to the recommendations of the Cochrane Handbook using the formula for the calculation of the standard deviation when comparing dependent (paired) samples [35] :
Based on the data given in each study, standard deviation of the difference could also be calculated using
In case the t statistic was not given, it was calculated from the p-values reported in the studies, obtained from Student's t-test (two tailed) or from the Wilcoxon signedrank test. Exceptionally, if SD was not reported in a measurement, it was imputed using the largest SD reported for the same measure and the same population, i.e. healthy or patients. Both Spearman and Pearson correlation coefficients were used for this task. If correlation coefficient was not reported as an outcome measure, it was estimated using Eq. (6). Finally, if the standard deviation of the difference could not be calculated from any of the above statistical tests mentioned, a meta-analysis of correlation coefficients [36] was conducted and the overall correlation coefficient was used to estimate the SD of the difference, using Eq (6) .
For the quantification of data synthesis, a metaanalysis was performed using the random-effects model proposed by DerSimonian and Laird [37] . Heterogeneity among studies was assessed using Cochrane's Q and I 2 tests [38] . Subgroup analyses were performed as a mean of investigating heterogeneous results, based on (i) the type of participants (healthy vs. patients), (ii) the different hematology analyzers, where the samples were tested, (iii) the speed of the PTS for each study and (iv) the distance traveled by the PTS samples. Metaregression analysis was further used to determine the influence of potential effect modifiers (speed and distance of PTS) [39] . Sensitivity analysis was conducted by removing one study each time and repeating the analysis, in order to investigate the influence of each study on the overall effect size. Cumulative meta-analysis was also performed in order to investigate whether the summary effect size changed considerably over time as more data accumulated, by visual inspection of cumulative plot. Possible publication bias was examined using the visual inspection of funnel plot asymmetry, as well as the rank correlation method of Begg [7] , the Egger's [40] regression method and it's random-effects analogue [41] . The statistical analyses were performed with the statistical software package STATA 13.1. Results were considered statistically significant for p < 0.05.
Results
Studies identified
A total of 287 publications were identified through the search criteria of which 185 remained after removal of duplicates. After a screen on title and abstract, a total of 29 articles remained for further evaluation, five of which were excluded as they did not meet the inclusion criteria.
More specific, four studies were excluded from the metaanalysis because of the fact that they studied independent samples, that is, different group of people in different period of time, and one study was excluded as blood samples were not obtained from single venipucture but rather from both hands. As a result, 24 studies met the inclusion criteria and were included in the meta-analysis (see Figure 1) .
Characteristics of the included studies
The descriptive and quality data of the included studies are summarized in Table 1 . From the 24 eligible studies, 14 investigated the 16 hematological parameters, with a total number of 691 participants. Eighteen studies analyzed measured biochemical parameters such as K with a total of 788 paired samples, LDH with a total of 919 paired samples and aspartate aminotransferase (AST) with a total number of 439 participants. Among the eight studies that examined coagulation parameters, five articles included prothrombin time measurements and eight partial thromboplastin time measurements. Finally, three studies examined the erythrocyte sedimentation rate. Of note, two studies with hematological measurements reported data for two independent populations (i.e. groups of healthy individuals and patients), whereas four studies with biochemical measurements reported data for two independent populations measured under different distance or speed of the PTS. Because the individuals in these populations were different, the estimates are statistically independent, and thus they were treated as different studies in the meta-analysis.
Data synthesis-meta-analysis
No statistically significant differences between the PTS samples and the hand-carried samples were observed in complete blood cell counts (CBC) and reticulocytes (Retic) (p-values from 0.122 to 0.951). Similarly, no statistically significant difference was found between the manual and the pneumatic tube transport system for the coagulation parameters and the ESR. However, a statistically significant difference between the two delivery methods was found for the biochemical parameters K, LDH and AST. Analytically, the overall meta-analysis results yielded MD values of 0.04 mmol/L for K (95% CI = 0.015-0.065; p = 0.002), 10.343 U/L for LDH (95% CI = 6.132-14.554; p < 10 −4 ) and 1.023 IU/L for AST (95% CI = 0.344-1.702; p = 0.003). For the majority of the parameters used in the meta-analysis, the between-study heterogeneity was high with I 2 > 75%. Table 2 provides information about the pooled effect sizes with 95% confidence intervals of the 21 variables studied along with the number of studies and subjects involved for each parameter, the p-value of each meta-analysis, the I 2 and p-value of heterogeneity tests and the presence or not of publication bias and time trend. It should be noted, that other biochemical parameters were not included in the meta-analysis, as the studies did not provide adequate data in order to calculate the effect sizes. Figures 2  and 3 represent the forest plot of K and LDH data set, respectively.
Subgroup analysis
Subgroup analysis was performed for all parameters according to the distance and the speed of the PTS. Specifically, for the set of hematological data, the analyzer used for measuring the tests and the population tested were also examined in order to compare the mean effect across subgroups. Meta-analysis according to population did not yield any significant finding. For the subgroup analysis according to the hematology analyzer, there was a high degree of heterogeneity (p < 10 −4 ) between the four groups of hematology analyzers (Cell-Dynn, Beckman Coulter, Sysmex and Advia) for almost all hematology parameters, except for mean corpuscular volume (MCV), HGB, MPV and RDW. Statistically significant heterogeneity was found in the data set of the white blood cells (WBC) with respect to the methods of transport because samples measured with the technology of Cell-Dyn (MD = 0.04 K/μL; 95% CI = 0.01-0.06) and Beckman Coulter (MD = 0.11 K/μL; 95% CI = 0.01-0.21) hematology analyzer yield significant difference and the former giving consistently larger difference. Similar result was found for the Platelets (PLT) data set when samples were measured using the technology of Sysmex hematology analyzer (MD = −2.05 K/μL; 95% CI = −3.28 to −0.82). Moreover, the subgroup analysis based on the length of The results of the meta-analysis for the WBC data set correspond to 13 studies, excluding the study of Koroglou and coworkers.
The bold values denote a statistically significant result (p < 0.05). 
Meta-regression analysis
A random-effects meta-regression analysis for the WBC data set revealed a positive linear relationship between the MD of WBC and the distance of PTS (p = 0.007; β = 0.0002912). A negative linear relationship resulted from the meta-regression analysis of red blood cells (RBC) data set and the distance of PTS (p = <10 −4 ; β = −0.000279) (Figure 4) . Finally, the product of the distance over speed was used as a variable in the meta-regression analysis for the LDH data set and yielded a statistically significant result (p = 0.015; β = −0.00254942) ( Figure 5 ).
Sensitivity analysis
In the leave-one-out sensitivity analyses, the results showed that no individual study influenced the overall effect estimate of all included studies. However, it is worth mentioning that we excluded the study of Koroglu and coworkers, from the meta-analysis of the WBC data set only, because it was conducted in a population with very low number of WBC and reestimated the overall effect size. The result of the meta-analysis yielded a statistical significant p-value of 0.043 with a MD of 0.05 K/μL (95% CI = 0.00-0.11). 
Cumulative meta-analysis
The results of the cumulative analysis for each laboratory parameter are shown in Table 2 . Y or N denotes the presence or not of time trend and as shown in Table 2 . In half of the variables analyzed, there was a temporal evolution of the effect size present. 
Publication bias
A small indication of publication bias was found, only in the meta-analysis for the RBC values. This finding was observed visually in the funnel plot graph and validated statistically using Begg's and Egger's test (p = 0.029, p < 10 −4 , respectively). However, because in the presence of heterogeneity the results of these tests are questionable, we applied the random-effects analogue of the regression method of Egger's. The random-effects analysis excluded the possibility of publication bias (p = 0.924).
Discussion
The present meta-analysis is the first effort to synthesize the published evidence and evaluate the effect of the PTS on blood specimens. Our attempt was to quantify the level of in vitro hemolysis by evaluating, at the same time, the role of transport speed and distance as well as the impact of the technology of the analyzers used in the measurement of the samples, specifically in the hematology parameters.
Our findings point toward a statistically significant effect of PTS on K, LDH and AST and may lead to the conclusion that the pneumatic tube transport system is associated with a mild degree of hemolysis in the transported blood samples, as these three tests, according to the literature, are first altered when hemolysis is present [4] . It should be noted that when a study was excluded from the meta-analysis of the WBC data set only, a statistically significant result emerged for WBC parameters also. This particular study was conducted exclusively, in a population with acute leukemia (leucopenia) and hence with mean WBC <0.8 K/μL, which means that there is a less risk of cell disruption occurring by the PTS as the WBC cell count is small. At this point, it is important to note that except for RBCs, WBCs have been implicated as a source of excess K in the patient serum. Many studies suggest that a false elevated serum or plasma concentration of K is associated with some hematological disorders, particularly in leukemic patients that have high amounts of WBCs and fragile cell membrane, in which the leukemic cells are more susceptible to disruption (lysis) when exposed to even mild mechanical trauma [42, 43] .
In all analyses reported here, there was a strong evidence for between-study heterogeneity, and there are many factors that contribute to this. Some of them include the PTS configuration and type, the different carriers, the technology of the analyzer used to test the blood samples, the speed and distance traveled by the samples via PTS, the sample collection tubes, as well as the pressure and the intensity of the gravitational force caused by the sudden accelerations and decelerations in which samples are subjected during transport. Some of these factors were investigated in our meta-analysis in order to account for the sources of heterogeneity. Subgroup analysis, according to the hematology analyzer, showed large heterogeneity between the four different hematology analyzers. This finding may be due to the fact that different methodologies are used by the analyzer in order to determine the complete blood count, or it may be related to other study-level characteristic (such as the speed of the PTS used in the particular hospital). Subgroup analysis according to the speed of PTS showed statistically significant higher values of K and LDH when samples were delivered by PTS compared to hand-delivered samples, regardless of the rate. Subgroup analysis based on the length of PTS yielded similar results for the data set of WBCs and LDH. These findings give a first indication of the positive correlation between speed and distance of PTS samples and hemolysis.
Meta-regression analysis confirmed quantitatively the above findings. Specifically, for the WBC data set, meta-regression analysis revealed that the greater the distance, the higher the MD of WBCs. In most cases, heterogeneity was reduced by 20% (for WBCs) to 40% (for RBCs) when these covariates were used in a metaregression. Moreover, it is worth mentioning, although the result was not statistical significant, that the overall effect size for the RBC data set was negative, meaning that the values obtained by the hand delivered samples were higher than those obtained by the PTS samples. Accordingly, a reverse relationship was found for the RBC MD and the distance of PTS, that is, the greater the distance traveled in a PTS the more the decrease of the MD of RBCs. This can be explained by the fact that the longer the PTS, the more the switches and bends that samples have to suffer and the higher the mechanical trauma, i.e. the extent to which samples suffer cell (erythrocyte) damage during transport. Finally, metaregression analysis of the product of distance over speed of PTS, in the LDH data set, showed that the higher the speed and the longer the distance, the higher the MD of the LDH between the two methods of transport. This finding can be explained considering the fact that acceleration is not the only factor responsible for hemolysis because blood samples during regular centrifugation (with a force ≅2.500-3.500 for 10 min) are not subjected to hemolysis. As Streichert and coworkers showed in their work [44] , rapid and large acceleration changes and sudden deceleration or shock forces (three-axis acceleration) may lead to hemolysis during transportation. Moreover, Mullins and coworkers reported [45] that plasma LDH had a positive linear relationship with the number of shock forces (>3 g) experienced during transport through the PTS as recorded using a Smartphone.
Publication bias was found using the standard tests, only for the analysis of RBC, but it can be attributed mainly to the large heterogeneity because the application of the random-effects regression method for detecting the bias yields no evidence for it. In the cumulative meta-analysis, the studies are accumulated in chronological order, and this allows evaluating the consistency of the results of studies and identifying the point at which no further studies are necessary. The presence of time trend identified in some variables examined in this meta-analysis suggests that an early, overestimated or extreme oppose finding occurred in the first studies investigated. This problem is common in clinical studies and may be explained by the age of the methodologies and the technology of the PTS that evolves over time. A factor that may explain these discrepancies is the fact that older studies reported higher speed of the PTS and greater distance traveled (correlation coefficients for speed and distance vs. time equal to −0.51 and −0.41, respectively).
The overall results of this meta-analysis suggest a statistically significant difference for the samples transported by PTS compared to those transported by hand. This difference, however, is small and may not have a significant clinical effect on laboratory results. Nevertheless, considering the fact that hemolysis is a major preanalytical factor that interferes with laboratory measurements, it is suggested that hospitals should validate their PTS and investigate their blood specimen's susceptibility to hemolysis. In order to reduce this preanalytical error, some interventions can be applied such as shortening transport times, if possible, or reducing the speed of transportation. As the method of parallel processing for sample analysis is inconvenient and time consuming, the use of data loggers or even smartphones have been applied recently in order to monitor the forces encountered in a PTS and probably as a replacement of blood sampling and laboratory testing.
